
I O N  PAIR L I Q U I D  CHROMATOGRAPHY OF 
COAL-DERIVED LIGHT OILS 

J .  K .  Olson and B .  W .  Farnum 

Grand Forks  Energy Technology Cen te r ,  DOE 
Box 8213 U n i v e r s i t y  S t a t i o n  

Grand Forks ,  ND 58202 

INTRODUCTION 

The growing emphasis on coa l  l i q u e f a c t i o n  technology has  r e s u l t e d  i n  i n -  
c r eased  i n t e r e s t  i n  t h e  development of methods t o  determine t h e  composi t ion o f  
l i q u i d s  produced by t h e  p r o c e s s .  Th i s  i n fo rma t ion  can f a c i l i t a t e  unde r s t and ing  o f  
t h e  r e l a t i o n s h i p  o f  t h e  occur rence  of v a r i o u s  chemical  s p e c i e s  t o  t h e  s t r u c t u r e  
and r e a c t i v i t y  of t h e  p a r e n t  c o a l .  This  r e p o r t  d e s c r i b e s  an i o n  p a i r  l i q u i d  
chromatography s tudy  o f  t h e  l i g h t  o i l  f r a c t i o n  from t h e  l i q u e f a c t i o n  of l i g n i t e  
w i th  CO and H2 a t  460°C and 27.6 MPa. 

The l i g h t  o i l  i s  a gas  condensate  c o l l e c t e d  i n  a water-cooled r e c e i v e r  a t  
a tmospheric  p r e s s u r e .  The sample s t u d i e d  was c o l l e c t e d  on t h e  30 th  r e c y c l e  p a s s  
of a Beulah l i g n i t e  l i q u e f a c t i o n  t e s t  u s ing  an th racene  o i l  a s  s t a r t - u p  s o l v e n t .  
Based on MAF c o a l ,  t h e  l i g h t  o i l  r e p r e s e n t s  abou t  19% of t h e  y i e l d .  A d e t a i l e d  
d e s c r i p t i o n  o f  t h e  GFETC con t inuous  p rocess  u n i t  has  been pub l i shed  p r e v i o u s l y  (1) 

EXPERIMENTAL 

Waters" M-6000 pumps, U6K i n j e c t o r ,  model 440 W d e t e c t o r ,  and model 660 
s o l v e n t  programmer were used f o r  t h e  i o n  p a i r  s t ~ d y ? ~ R l  s e p a r a t i o n s  were con- 
ducted using Whatman P a r t i s i l  ODS2, a 1 0 p  o c t a d e c y l - s i l i c a  packing c o n t a i n i n g  
abou t  15% (w/w) carbon.  The column w a s  250 mm long ,  6 . 4  mm O . D .  and 4 .6  mm I . D .  
Column temperature  was ma in ta ined  by a Haake FK-2 c i r c u l a t i n g  water  b a t h .  I n f r a -  
red s p e c t r a  were ob ta ined  on a Perkin-Elmer 283 spec t ropho tomete r .  

The mobile phase s o l v e n t s  used were Baker HPLC grade  wa te r  and Waters HPLC 
grade  methanol and a c e t o n i t r i l e .  Buf fe r s  were p repa red  u s i n g  Baker HPLC g r a d e  
ammonium a c e t a t e ,  phosphor i c  and a c e t i c  a c i d s ,  Reg i s  potassium dihydrogen phos- 
p h a t e ,  potassium monohydrogen phospha te ,  bo th  99+% p u r i t y ,  and Waters t e t r a b u t y l -  
ammonium phosphate  (PIC A) and sodium hexanesu l fona te  (PIC B-6) r e a g e n t s .  

The l i q u e f a c t i o n  l i g h t  o i l  sample was e x t r a c t e d  acco rd ing  t o  a scheme, shown 
i n  F igu re  1 ,  adapted from F r u c h t e r  e t  a l .  ( 2 ) .  The r e s u l t i n g  four  f r a c t i o n s  w i l l  
be  des igna ted  b a s i c ,  p h e n o l i c ,  HA(aromatic) ,  and HC(hydrocarbon) th roughou t  t h i s  
paper .  

I RESULTS AND DISCUSSION 

The l i g h t  o i l  i s  a mix tu re  o f  r e l a t i v e l y  low molecu la r  we igh t ,  v o l a t i l e  
hydrocarbons.  The b o i l i n g  p o i n t  of 95% of  t h e  sample was i n  t h e  40-200OC range 
and t h e  molecu la r  weight  r ange  was 60-365 d a l t o n s .  The n a t u r e  of each  f r a c t i o n  
may be d e s c r i b e d  drawing upon in fo rma t ion  from e l e m e n t a l  a n a l y s i s ,  shown i n  Tab le  
1 ;  i n f r a r e d  s p e c t r a ,  shown i n  F i g u r e  2 ;  and low v o l t a g e  mass s p e c t r a  ( 3 ) .  

2: Reference t o  s p e c i f i c  brand names o r  models i s  made t o  f a c i l i t a t e  unde r s t and ing  
and n e i t h e r  c o n s t i t u t e s  nor  i m p l i e s  endorsement by t h e  Department of Energy. 
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The oxygen-containing compounds found i n  t h e  pheno l i c  and b a s i c  f r a c t i o n s  appear  
t o  be  of t h e  same compound c l a s s  -- s u b s t i t u t e d  pheno l s .  Almost a l l  of t h e  n i t r o -  
gen-containing compounds, p r i m a r i l y  a r y l  amines,  were i s o l a t e d  i n  t h e  b a s i c  f r a c -  
t i o n .  The HA f r a c t i o n  c o n s i s t s  p r i m a r i l y  o f  two- and t h r e e - r i n g  a romat i c  com- 
pounds. The hydrogen/carbon mole r a t i o  f o r  t h e  HA f r a c t i o n  is 1.0 a s  compared t o  
1 .6  f o r  t h e  HC f r a c t i o n .  Although t h e  HC f r a c t i o n  c o n t a i n s  some of  t h e  same 
aromatic  compounds found i n  t h e  HA f r a c t i o n ,  t h e  p r i n c i p a l  components a r e  s a t u r -  
a t e d  hydrocarbons a s  i n d i c a t e d  by t h e  i n f r a r e d  spectrum. To summarize, t h e  phe- 
n o l i c  f r a c t i o n  c o n s i s t e d  of s u b s t i t u t e d  pheno l s ;  t h e  b a s i c  f r a c t i o n  con ta ined  
s u b s t i t u t e d  pheno l s  and a r y l  amines;  t h e  HA f r a c t i o n  con ta ined  a romat i c  compounds; 
and t h e  HC f r a c t i o n  con ta ined  p r i m a r i l y  s a t u r a t e d  hydrocarbons and some a romat i c  
compounds. 

TABLE 1. - Elemental  Ana lys i s  of L i g h t  O i l  F r a c t i o n s  

%C %H %O M u 
Bas ic  79.6 9.2 4.2 6 .8  0 .0  
Pheno l i c  78.9 8 . 1  12.8 0 . 1  0.0 
HA 89 .4  7 . 1  1.8 0.6 0.7 
HC 88.9 11.6 0 . 1  0.0 0 .0  

Favorable  s e p a r a t i o n s  of  i o n i z e a b l e  o r g a n i c  compounds such a s  t h o s e  found i n  t h e  
b a s i c  and p h e n o l i c  f r a c t i o n s  may be  o b t a i n e d  by i o n  p a i r  l i q u i d  
chromatography -- a t echn ique  o r i g i n a l l y  proposed by Eksborg,  S c h i l l ,  and coworkers 
( 4 , 5 ) .  The method i n v o l v e s  a d j u s t i n g  t h e  pH of  t h e  mobile phase t o  a s s u r e  maximum 
i o n i z a t i o n  o f  t h e  compounds o f  i n t e r e s t  and adding a hydrophobic coun te r - ion  
capab le  of  forming ion  p a i r s  w i t h  t h e  i o n i z e d  compound. The ion  p a i r  behaves a s  a 
n e u t r a l  compound and r e t e n t i o n  by t h e  nonpolar  s t a t i o n a r y  phase i s  enhanced. F o r  
example, 

WEAK ACIDS AT pH 7 - 8 :  

80 
R 

C r i t e r i a  f o r  s e l e c t i o n  of  coun te r - ion ,  pH, and o t h e r  c o n s i d e r a t i o n s  i n  t h e  
development of  a n  i o n  p a i r  s e p a r a t i o n  has  been addres sed  by Gloor and Johnson (6) .  
B r i e f l y ,  t h e  major c o n s i d e r a t i o n s  a r e  s e l e c t i n g  a mobile  phase pH t h a t  w i l l  i n s u r e  
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maximum i o n i z a t i o n  of  t h e  s o l u t e s  and s e l e c t i n g  a counter - ion  t h a t  w i l l  produce 
t h e  d e s i r e d  e f f e c t ;  f o r  b a s i c  s o l u t e s ,  an a l k y l  s u l f o n a t e ,  and f o r  a c i d i c  s o l u t e s ,  
a q u a r t e r n a r y  amine. I n  g e n e r a l ,  a n  i n c r e a s e  i n  t h e  l e n g t h  of  t h e  a l k y l  c h a i n  of 
t h e  counter - ion  w i l l  r e s u l t  i n  i n c r e a s e d  r e t e n t i o n  o f  t h e  i o n  p a i r .  

Liquid chromatographic s e p a r a t i o n s  o f  each  o f  t h e  f o u r  l i g h t  o i l  f r a c t i o n s  
were c a r r i e d  o u t  w i t h  s e v e r a l  i o n  p a i r  and i o n  s u p p r e s s i o n  sys tems,  shown i n  Table  
2 ,  a t  25OC, 45'C, and 65OC. Because s o l u t e - l i q u i d  phase s o l u b i l i t y  and t h e  weak 
e l e c t r o s t a t i c  i o n  p a i r  e q u i l i b r i u m  a r e  a f f e c t e d  by t e m p e r a t u r e ,  it was a n t i c i p a t e d  
t h a t  an i n c r e a s e  i n  tempera ture  would f a c i l i t a t e  t h e  s e p a r a t i o n .  However, a l l  of 
t h e  s e p a r a t i o n s  of t h e  f o u r  f r a c t i o n s  i n d i c a t e d  a d e c r e a s e  i n  b o t h  t h e  r e s o l u t i o n  
and t h e  number of  peaks  r e s o l v e d .  For  example,  F i g u r e  3 shows decreased  r e s o l u -  
t i o n  f o r  t h e  phenol ic  f r a c t i o n  a t  65OC a s  compared t o  25OC u s i n g  a n  i o n  suppres-  
s i o n  system. 

TABLE 2 .  - Ion  P a i r  and Ion Suppress ion  S o l v e n t  Systems 

ACETATE 

0.05M 
0.05M 
0.01M 
1 .  OOM 

Ammonium a c e t a t e / a c e t i c  a c i d  (pH 3 . 5 ) .  -f A c e t o n i t r i l e  
Ammonium a c e t a t e / a c e t i c  a c i d  (pH 3 . 5 )  -f Methanol 
Ammonium a c e t a t e / a c e t i c  a c i d  (pH 3 . 5 )  + A c e t o n i t r i l e  
Ammonium a c e t a t e / a c e t i c  a c i d  (pH 3 . 5 )  -f A c e t o n i t r i l e  

PHOSPHATE 

0.005M 
0.05M 
0.05M 
0.05M 

SULFONATE 

0.01M 
0.1M 
0.01M 
0.1M 

Potassium dihydrogen  phosphate (pH 3.0) -f A c e t o n i t r i l e  
Potassium dihydrogen  phosphate  (pH 3.0) -f A c e t o n i t r i l e  
Potassium monohydrogen phosphate (pH 6 . 9 )  -f A c e t o n i t r i l e  
KH2PO4/5O% A c e t o n i t r i l e  (pH 3 . 0 )  + 0.05M K2HP04/50% 

A c e t o n i t r i l e  (pH 6 . 9 )  

Sodium n-hexane 
Sodium n-hexane 
Sodium n-hexane 
Sodium n-hexane 

s u l f o n a t e  (pH 3 . 5 )  + A c e t o n i t r i l e  
s u l f o n a t e  (pH 3 .5)  -f A c e t o n i t r i l e  
s u l f o n a t e  (pH 3 . 5 )  + Methanol 
s u l f o n a t e  (pH 3 . 5 )  + Methanol 

TETRABUTYLAMMONIUM PHOSPHATE 

0.005M Tetrabutylammonium phosphate  (pH 7 . 5 )  + A c e t o n i t r i l e  
0.05M Tetrabutylammonium phosphate  (pH 7 .5)  -f A c e t o n i t r i l e  

S i n c e  t h e  e x t e n t  t o  which t h e  sample i s  i o n i z e d  i s  i n f l u e n c e d  by t h e  i o n i c  
s t r e n g t h  of t h e  mobile phase ,  an  i n c r e a s e  i n  b u f f e r  c o n c e n t r a t i o n  should  r e s u l t  i n  
an  i n c r e a s e  i n  i o n  p a i r  format ion  ( 7 ) .  T h e r e f o r e ,  i f  i o n  p a i r i n g  i s  t h e  predomi- 
n a n t  mechanism i n  t h e  s e p a r a t i o n ,  c a p a c i t y  f a c t o r s ,  t h a t  i s ,  e l u t i o n  t i m e s ,  of 
i o n - p a i r e d  components would i n c r e a s e  wi th  i n c r e a s i n g  b u f f e r  c o n c e n t r a t i o n .  Sepa- 
r a t i o n s  of each of t h e  f o u r  l i g h t  o i l  f r a c t i o n s  were c a r r i e d  o u t  a t  pH 3 . 5  u s i n g  
two b u f f e r  c o n c e n t r a t i o n s ,  0.01 E and 0 .1  E hexane s u l f o n a t e .  Except f o r  s l i g h t l y  
e a r l i e r  o v e r a l l  e l u t i o n  t imes  a t  h i g h e r  c o n c e n t r a t i o n s ,  t h e  p h e n o l i c ,  HA,  and HC 
f r a c t i o n s  d i s p l a y e d  n e a r l y  i d e n t i c a l  peak p a t t e r n  and r e s o l u t i o n  a t  bo th  concen- 
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t r a t i o n s .  This  was expec ted  s i n c e  t h e r e  should  b e  no i o n  p a i r  e f f e c t  on  t h e  
components i n  t h e s e  f r a c t i o n s .  I n  t h e  s e p a r a t i o n s  of  t h e  b a s i c  f r a c t i o n ,  t h e r e  
were d i s t i n c t  s h i f t s  i n  t h e  p o s i t i o n s  o f  some of t h e  component peaks  a t  t h e  h igher  
b u f f e r  c o n c e n t r a t i o n .  These peaks were presumed t o  be due t o  compounds capable  of 
forming i o n  p a i r s  a t  pH 3.5,  such a s  a r y l  amines.  

Three b u f f e r  systems were i n v e s t i g a t e d  a t  pH 3 - 3 . 5 :  0 . 0 1  y hexane s u l f o n a t e ,  
0.005 M po tass ium dihydrogen  phosphate ,  and 0.05 ammonium a c e t a t e .  A t  low pH, 
two predominant p r o c e s s e s  a f f e c t  t h e  s e p a r a t i o n :  i o n  s u p p r e s s i o n  of weak a c i d s  
( f o r  example, p h e n o l s ) ,  and i o n  p a i r  f o r m a t i o n  of  weak b a s e s  ( f o r  example, a n i -  
l i n e ) .  Compared t o  r e v e r s e  phase  s e p a r a t i o n s ,  t h e  b u f f e r  s e p a r a t i o n s  of  t h e  HC 
and HA f r a c t i o n s  i n d i c a t e d  no change o t h e r  t h a n  s l i g h t  o v e r a l l  r e d u c t i o n  i n  re-  
t e n t i o n  t imes .  The e f f e c t  of i o n  s u p p r e s s i o n ,  t h a t  i s ,  an  i n c r e a s e  i n  e l u t i o n  
t i m e s  o f  weak a c i d s  due t o  t h e i r  u n d i s s o c i a t e d  s t a t e ,  was n o t  e v i d e n t  i n  t h e  
phenol ic  f r a c t i o n  s e p a r a t i o n s  f o r  any of  t h e  t h r e e  sys tems.  For compounds wi th  
s m a l l  d i s s o c i a t i o n  c o n s t a n t s  such a s  phenols  and c r e s o l s ,  t h e  d i s t r i b u t i o n  coef- 
f i c i e n t s  of t h e  u n d i s s o c i a t e d  compounds a r e  r e l a t i v e l y  u n a f f e c t e d  by change i n  pH 
i n  t h e  2-6 pH range (8) .  S i n c e  s e p a r a t i o n  by i o n  s u p p r e s s i o n  i s  dependent on 
l i q u i d /  l i q u i d  d i s t r i b u t i o n ,  t h e  a d d i t i o n  o f  a b u f f e r  does  n o t  s i g n i f i c a n t l y  a l t e r  
t h e  c a p a c i t y  r a t i o s  o f  t h e s e  compounds. Assuming t h a t  t h e  p h e n o l i c s  i n  t h e  b a s i c  
f r a c t i o n  a r e  l i k e w i s e  u n a f f e c t e d  i n  t h e s e  sys tems,  a l l  changes i n  t h e  s e p a r a t i o n s  
o f  t h e  b a s i c  f r a c t i o n  were a t t r i b u t e d  t o  n i t r o g e n - c o n t a i n l n g  components. A l l  
t h r e e  s e p a r a t i o n s  of t h e  b a s i c  f r a c t i o n  d i s p l a y e d  i n c r e a s e d  r e s o l u t i o n  and de- 
c r e a s e d  c a p a c i t y  r a t i o s .  The e f f e c t i v e n e s s  of  t h e s e  systems i s  i n  t h e  o r d e r  0 .05 
- M ammonium a c e t a t e  > 0.05  hexane su l fon-  
a t e .  F igure  4 compares t h e  s e p a r a t i o n  o f  t h e  b a s i c  f r a c t i o n  w i t h  r e v e r s e  phase 
and 0.05 y ammonium a c e t a t e  sys tems.  

potassium dihydrogen  phosphate  > 0.01 

A t  pH 7 . 5 ,  weak b a s e s  a r e  p r e s e n t  i n  t h e  non- ionic  form and weak a c i d s  i n  t h e  
i o n i c  form. The c o u n t e r - i o n  s t u d i e d  a t  t h i s  pH was 0.005 E1 tetrabutylammonium 
phosphate .  I n  comparison t o  r e v e r s e  phase  s e p a r a t i o n s ,  t h e  p h e n o l i c  f r a c t i o n ,  a s  
w e l l  as  t h e  b a s i c  f r a c t i o n ,  d i s p l a y e d  i n c r e a s e d  c a p a c i t y  r a t i o s  and improved 
r e s o l u t i o n  i n d i c a t i n g  t h a t  bo th  i o n  s u p p r e s s i o n  and i o n  p a i r  format ion  were pre-  
dominant f a c t o r s  i n  t h e  s e p a r a t i o n .  O v e r a l l ,  however, t h e  hexane s u l f o n a t e  sepa- 
r a t i o n s  were s u p e r i o r  t o  t h e  tetrabutylammonium phosphate  s e p a r a t i o n s .  A compari- 
son of t h e  s e p a r a t i o n s  of  t h e  p h e n o l i c  f r a c t i o n  w i t h  0.005 tetrabutylammonium 
phosphate  and 0.01 5 hexane s u l f o n a t e  systems i s  shown i n  F i g u r e  5 .  Again, t h e  
s e p a r a t i o n s  of t h e  HC and HA f r a c t i o n  were g e n e r a l l y  u n a f f e c t e d  by t h e  b u f f e r  
sys tem.  

CONCLUSION 

I t  appears  t h a t  s e v e r a l  f a c t o r s  and d i f f e r e n t  mechanisms c o n t r i b u t e  t o  t h e  sepa- 
r a t i o n  o f  e i g h t  o i l s  by i o n  p a i r  and i o n  s u p p r e s s i o n  r e v e r s e  phase  l i q u i d  chrom- 
a tography.  An i n c r e a s e  i n  column tempera ture  a f f e c t e d  t h e  c a p a c i t y  f a c t o r s  reduc- 
i n g  e l u t i o n  t i m e s ,  b u t  t h e  v i s c o s i t y  change and d i s r u p t i o n  of thermal  e q u i l i b r i u m  
a d v e r s e l y  a f f e c t e d  t h e  r e s o l u t i o n .  

Due t o  t h e  v a r i e t y  of  s p e c i e s  found i n  t h e  l i g h t  o i l ,  t h e  s e p a r a t i o n  behavior  
O f  c e r t a i n  c o n s t i t u e n t s  may be a f f e c t e d  by  i o n  p a i r  format ion  o r  i o n  s u p p r e s s i o n .  
The r e l a t i o n s h i p  depends on t h e  c o n c e n t r a t i o n  o f  t h e  c o u n t e r - i o n ,  i t s  s o l u b i l i t y  
i n  t h e  bonded p h a s e ,  and t h e  degree  of  i o n i z a t i o n  o f  t h e  s o l u t e  which b e a r s  a 
d i r e c t  r e l a t i o n s h i p  t o  t h e  pH of  t h e  mobi le  phase .  

The s e p a r a t i o n  o f  he te roa tom and p h e n o l i c  compounds a r e  g e n e r a l l y  enhanced by 
s p e c i f i c  i o n  p a i r  and i o n  suppress ion  t e c h n i q u e s ;  however, a r o m a t i c  and hydro- 
carbon compounds show s e p a r a t i o n s  s i m i l a r  t o  t r a d i t i o n a l  r e v e r s e  phase  techniques .  
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I n  apply ing  t h e s e  r e l a t i o n s h i p s  t o  t h e  s e p a r a t i o n  of  l i g h t  o i l s ,  o p t i m i z a t i o n  
of  chromatographic c o n d i t i o n s  f o r  each c l a s s  of  compounds m u s t  b e  c o n s i d e r e d .  A 
summary Of t h e s e  parameters  and t h e i r  i n f l u e n c e  i n  t h e  s e p a r a t i o n  of  l i g h t  o i l s  i s  
shown i n  Table  3 .  
by i o n  p a i r  and i o n  s u p p r e s s i o n  t e c h n i q u e s  s o  a s  t o  s i g n i f i c a n t l y  improve t h e  
s e p a r a t i o n ,  r e s o l u t i o n ,  and i d e n t i f i c a t i o n  of  components i n  t h e  l i g h t  o i l .  

Capac i ty  r a t i o s  of  c e r t a i n  components can  b e  e f f e c t i v e l y  a l t e r e d  

1. 

2 .  

3. 

8.  
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Figure 2. - I n f r a r e d  s p e c t r a  of  l i g h t  o i l  f r a c t i o n s .  C a p i l l a r y  f i l m s .  
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.01 M Cg SULF. TO 95% ACN 
LINEAR 30 min 

I 
0 

005 M TEuNP04 TO 95% AcN 
LINEAR x) min 

0 

Figure 5. - Comparison o f  phenol ic f r a c t i o n  separat ions w i t h  0.05 
tetrabutylammonium phosphate (pH 7.5)  and 0.01 M n-hexane s u l f o n a t e  (pH 3.5) 
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